The process of twin-roll casting including pouring, solidifying, rolling and cooling can be accomplished in a very short time. Consequently, some important process parameters in the twin-roll casting that are difficult to be obtained in experiment can be acquired using numerical simulation. In this paper, a numerical simulation based on a 2D finite element model of vertical twin-roll strip casting of magnesium alloy has been conducted, and the thermal stress fields are significantly discussed. The influences of key process parameters consisting of submerged nozzle depth and nozzle spray angle have been studied. The thermal cracks on the surface of the strip are analysed according to the thermal stress distribution.
Introduction
Magnesium, as the lightest structural metal, has many superior mechanical properties including low density, high specific strength, excellent die casting performance, and high shock resistance [1] . Magnesium alloys are also applied extensively in electronics, automobile, military and aviation industry. However, the application of magnesium is confined by existing mould technology to a great extent.
As a modern short flow sheet manufacturing technology, twin-roll casting (Fig. 1 ) is significant energy saving and can improve the products. The process of twin-roll casting including pouring, solidifying, rolling and cooling can be accomplished in a very short time. Therefore, it is inconvenient to study some complex physical phenomena experimentally. Furthermore, some important processing parameters in twin-roll casting that are difficult to be obtained in experiment may be acquired using numerical simulation.
. Figure 1 . Illustration of vertical twin-roll casting: 1) tip; 2) melt; 3) cast roll; 4) casting and rolling area; 5) cast strip.
According to the research of Allen et al. [2] and Ling [3] , the microstructures of magnesium strip in twin-roll casting process have advantages, e.g. uniform grains distribution, less inclusions and better dispersion. The influences of some processing parameters on the twin-roll casting of magnesium have been reported [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, most previous simulations were carried out for studying the influences of processing parameters on the temperature-flow field rather than thermal stress field which is a non-negligible psychophysical field. Thermal stress influence is distinctly important during the twin-roll casting process. Since the thermal stress is difficult to be directly measured, the numerical simulation is an efficient way to comprehend the modification and optimisation of thermal stress in metals during twin-roll casting.
In this paper, vertical twin-roll strip casting of magnesium alloy AZ31 is investigated using the finite element simulation. A 2D finite element model coupling the temperature, flow, and thermal stress has been established and the influences of submerged nozzle depths and nozzle spray angles on the temperature-thermal stress fields in the molten pool have been studied. The analysed results are useful for controlling the twin-roll casting process and improving the quality of products.
FEM Simulation and Boundary Conditions
In twin-roll strip casting process, the molten pool in which a nozzle is built up by two water-cooled rolls and side dam. The FEM model was established by employing ANSYS analysis. Only half molten pool was considered due to the symmetry and the symmetrical axis is represented by vertical line. The roll was represented by the arc. The bottom of outlet is set as an origin. Quadrilateral mesh was used in the simulation and more than 40,000 meshes were generated. The nozzle and its surrounding meshes is enlarged and shown in Fig. 2 . Fluid, structural and thermal modules in ANSYS analysis were employed in the simulation. The temperature results of model nodes were computed firstly in temperature-flow simulation, and then the thermal result was loaded as boundary conditions in thermal stress field. Some important parameters are listed in Table 1 . The pouring temperature applied on the nozzle and the casting speeds are variable. The ambient radiant heat is 0.7W/ m 2 K 4 on the surface of the fluent metal and strip. The load of press at the end of the strip is zero. The rotation of the roll is 76.5rpm. The heat transfer coefficient of rolls is 10000W/m 2˚C . The casting material is magnesium alloy AZ31 and its properties are shown in 
Results and Discussion
The model without constraint. For intuitive observation of the thermal stress, a model without boundary conditions was used for simulation to compare with the constraint model results. Fig. 3 shows the thermal stress effect on the two models without constraint condition. The clearance of nephogram was magnified 5 times, and the model frame was expressed as a reference. According to observation, the thermal stress value of most part in the molten pool is very small compared to the thermal stress value of the outlet area because of stress concentration caused by limited temperature transformation time and large temperature gradient. Influence of submerged nozzle depth on thermal stress field. Because the submerged nozzle depth can influence the temperature field, it should be concerned when studying the thermal stress effect. Three different submerged depths, 15, 20 and 25mm respectively, with 10° spray angle were simulated in this study. The contour maps of the submerged twin-roll casting thermal stress fields are shown in Fig. 4 . It can be seen that the thermal stress reduced with an increase in the submerged depth. The equivalent thermal stress was selected at outlet ( Fig. 5 ). By clearly observation, the thermal stress distribution is very similar for 20 and 25mm submerged depths but much lower than that for the one of 15mm. Referencing temperature field and considering extensive strain, higher outlet temperature can help reduce the constrain of huge deformation at that area during the twin-roll casting process. Fig. 6 illustrates the components of the thermal stress along the transverse direction of the strip at the outlet. σx and σ xy remain stable, but σ y is quite variable within the range of -2.3×105 to 3.52×105Pa. It is compressive from 0 -0.6mm, and then becomes tensile from 0.6mm to the edge, which means that the defects or cracks will be prone to occur at the strip edge rather than that at the centre.
According to Fig. 7 , there are some cracks occurred at the strip edge in a twin-roll casting strip. This matches the above analysis of thermal stress which shows the tensile stress is at the strip edge. This means that cracks on the casting strip during the twin-roll casting may be induced by tensile
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Advanced Materials and Process Technology thermal stress along the rolling direction resulting from the temperature gradient. Methods that can reduce the temperature gradient, and therefore the thermal stress at the outlet, are beneficial for decreasing the possibility of cracks and improving the quality of the casting strip. 3.0x10 6 3.2x10 6 3.4x10 6 3.6x10 6 3.8x10 6 4.0x10 6 4.2x10 6 4.4x10 6 4.6x10 Influence of nozzle depths on thermal stress field. According to temperature simulation results, higher nozzle spray angles could rise the outlet temperature slightly. In this case, three different spray angles, -10, 15 and 10°, with 15mm submerged depth were simulated. It can be seen from Fig. 8 that there are no significant differences among the changes of 10, 15 and -10° spray angles. By observation of Fig. 8 , the minimum thermal stress (less than 4.66×10 6 Pa) is when the spray is 15°. When the spray angle is -10°, the thermal stress is the maximum, reaching more than 5.0×10 6 Pa. Consequently, the increase of the spray angle is prone to help decrease the thermal stress. 
Conclusions
A numerical simulation based on a 2D finite element model of vertical twin-roll strip casting thermal stress field has been conducted. The influences of submerged nozzle depths and nozzle spray angles on the thermal stress fields in the molten pool have been studied. Improvement of the temperature at outlet is prone to reduce the maximum thermal stress. Tensile stress appears at strip edge and may result in defects and cracks in casting strip. Both of nozzle spray angle and submerged nozzle depth are prone to reduce thermal stress. Submerged nozzle depth is more effective to reduce the equivalent thermal stress at outlet. The coupling fields of temperature and thermal stress are changed with various submerged nozzle depths. The outlet temperature increases with a large submerged depth, and the thermal stress reduces. However, it is not obvious when the submerged depth is larger than 20mm. The variation of nozzle spray angles does not influence the coupling temperatures and thermal stress fields significantly. The thermal stress and temperature distributions are slightly improved with an increase of the nozzle spray angle.
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